Variational Monte Carlo calculations have been made for the 17 Λ O hypernucleus using realistic two-and three-baryon interactions. A two pion exchange potential with spin-and space-exchange components is used for the ΛN potential. Three-body two-pion exchange and strongly repulsive dispersive ΛNN interactions are also included. The trial wave function is constructed from pair-and triplet-correlation operators acting on a single particle determinant.
I. INTRODUCTION
In this paper we initiate a variational Monte Carlo study of hypernuclei using realistic two-and three-baryon interactions involving a Λ and nucleons. In the past, variational calculations of the s-shell hypernuclei, [1, 2] a few p-shell hypernuclei using appropriate models [3] and Λ binding to nuclear matter [2, 4] were performed using mostly simplified and central nucleon-nucleon (NN) interactions. The aims of these calculations have largely been to deduce information about the Λ-nucleon (ΛN) and Λ-nucleon-nucleon (ΛNN) interactions.
In addition, as a result of these studies, one could also explore the structure of hypernuclei.
The reason for using simplified NN interactions is the hope that the uncertainties in the NN interaction will largely cancel out in these calculations. This is because the Λ-separation energies B Λ , which are the main experimental input in these calculations, are the differences of the energies of hypernuclei and their cores, i.e., -B Λ = A Λ E -A−1 E, where A Λ E is the total energy of the hypernucleus and A−1 E is the ground state energy of the core nucleus. However, interactions generate strong NN correlations in the nuclear wave function. A realistic NN interaction will generate central, spin, spin-isospin, tensor and other two-nucleon correlations [5, 6] . In addition, there are significant three-nucleon correlations. In a hypernucleus, because of the operator dependence, these correlations may interact in a complicated manner with the ΛN and ΛNN correlations. This whole group of correlations then interact with the two-and three-body operators of the two-and three-baryon interactions. This can result in important contributions to the Λ-binding energy compared to the use of only central NN correlations generated by purely central NN interactions.
In this study, we use realistic two-and three-nucleon interactions and wave functions to see their effects on hypernuclei. There is another important aspect of the present study, the development of a methodology and variational program for hypernuclei. For the pshell hypernuclei, we adopt the cluster Monte Carlo(CMC) technique developed in Ref. [7] which we refer to as PWP. As a first step, we study straightforward. Further development of the one-body part of the nuclear wave functions will be needed for other p-shell hypernuclei. We intend to cover a wide range of hypernuclei in order to have reliable information on three-baryon forces, because in this study we find that the role of the three-body ΛNN interaction is greatly altered from that found in some previous studies.
There are a few calculations of hypernuclei in which realistic NN forces have been used.
One such calculation is by J. Carlson [8] in which he explicitly considers the ΛN → ΣN channel in 5 Λ He and 4 Λ He using the Nijmegen interaction. This study shows that the Nijmegen interaction underbinds the four-body hypernuclei and that the five-body hypernucleus is unbound relative to a separated α and Λ particle. Also, it does not reproduce the spinsplitting in the four-body hypernuclei. To resolve the classical over-binding [1, 9, 10] problem of 5 Λ He, Bando and Shimodaya [11] , and Shinmura et al. [12] have also performed calculations with Reid soft core and Hamada-Johnston NN potentials by calculating effective interactions using a G-matrix approach. All these calculations of the Λ-seperation energies B Λ are confined to s-shell hypernuclei.
Since no experimental data for
17
Λ O exists, we generate "pseudo-experimental" or semiempirical data for this system. This is done in Sec. II where we also briefly discuss the experimental status of Λ-seperation energy data. In Sec. III we review the Λ and nucleon two-and three-body potentials. Section IV deals with the variational wave function. In Sec.
V we describe the techniques of our calculations for 17 Λ O. In Sec. VI we present our results, and Sec. VII contains our conclusions.
II. Λ-SEPARATION ENERGIES
If we combine the results of previous experiments summarized in Ref. [13] , the in-flight [14] [15] [16] and the associated production [17] In the second approach, we use the purely phenomenological technique adopted by Millener et al. [19] . Here we use a Woods-Saxon Λ-nucleus potential whose parameters were fitted to the B Λ data of the above mentioned hypernuclei, In the third approach, we consider a density-dependent Λ-nucleus potential [19] [20] [21] of the form
where ρ(r) represents the nucleon density. These are taken from Ref. [22] . We choose sand p-orbits in 
III. HAMILTONIAN
In an A-baryon hypernucleus, we will consider the first A-1 baryons to be nucleons. We will use Ψ to refer to the full wavefunction of the hypernucleus and Ψ N to refer to the ground-state wave function of the A-1 nucleons. The full Hamiltonian H can be written as 1) where H N is the nucleon Hamiltonian:
and
is the part of the full Hamiltonian due to the Λ-particle.
The Λ-separation energy, B Λ , of a hypernucleus is then given by
Our goal is to calculate B Λ using a variational principle for the two components of Eq.(3.4).
In this section we briefly describe the two-and three-body baryon interactions that we have used in this study. We use an Urbana-type [23] potential with spin-and space-exchange components and a TPE tail which is consistent with Λp scattering below the Σ threshold,
where T π (r) is the OPE tensor potential
x=µr, µ=0.7 fm −1 is the pion mass, and the cut-off parameter c=2.0 fm −2 . P x is the space exchange operator and ǫ is the corresponding exchange parameter. Thev ≡ (v s + 3v t )/4 and These parameters are consistent with the low energy Λp scattering data that essentially determine the spin-average potentialv. The parameter ǫ for the space-exchange strength is fairly well determined from the Λ single-particle scattering data [18] . For a detailed account of the determination of the other parameters see Ref. [2] . We point out that because of the non-central ΛN and ΛNN correlations introduced in the next section, the ΛN spin-spin potential will have a non-zero contribution even in a closed-shell system such as
When a ΛN potential that fits the Λp scattering is used, the B Λ for hypernuclei with A≥5
are almost a factor of two too large. This is an old result that has been confirmed by various analyses. In the present work we also find that the use of a realistic NN interaction does not alleviate this over-binding problem. As in the previous studies, to resolve the over-binding problem, we incorporate a three-body ΛNN interaction.
We consider here two types of ΛNN potentials that arise from projecting out Σ,∆, etc. 
where
12)
{A, B} = AB + BA, (3.15) and
Here X iΛ is the one-pion exchange operator, and S iΛ is the tensor operator. The component W s is quite weak and, as in previous studies, we neglect it here; we feel that its effect should be studied in future work.
There are theoretical as well as phenomenological estimates for C p ; but for W 0 the estimates are purely phenomenological. 
C. Two-and three-nucleon potentials
For the nuclear part of the Hamiltonian, we use NN and NNN potentials that have been previously used to study various nuclei, including 16 O [7] . The NN potential contains the first six terms of the Argonne v 14 [25] potential and a Coulomb term:
where the operators are
We shall also refer to these operators by the abbreviations c, τ, σ, στ , t, and tτ . In PWP it was found that the 7 ≤ p ≤ 14 terms of Argonne v 14 and the corresponding p = 7,8 correlation operators gave a net contribution of only -0.45 MeV/nucleon. We assume that the presence of a Λ will not significantly modify this result and hence we can safely omit all potential and correlation operators for p ≥ 7 when computing B Λ (
The NNN potential is of the Urbana type, which consists of dispersive and two-pionexchange terms: 
IV. THE VARIATIONAL WAVE FUNCTIONS
We assume that a good variational wavefunction for a hypernucleus with a closed-shell nuclear core and a Λ-particle can be written as
1)
Here U ijk represents a three-baryon correlation operator that has the same structure as V ijk ,
3)
TheṼ ijk differs from V ijk through the range c of the cutoff functions of Y π (r) and T π (r).
The parameter δ is referred to as ǫ in PWP; we use δ here to avoid confusion with the ǫ of the space-exchange potential in Eq. (3.5). The parameters δ, δ Λ , c and c Λ are determined variationally. The label IT stands for independent triplet product of 1+U ijk . Thus,
The neglected terms are of the type U ijk U i Each operator in the two-baryon interaction can induce the corresponding correlation.
The f Λ c and the f c are central correlations that are primarily generated by the repulsive cores in the two-baryon interactions. For U ij and U iΛ , we make the following choice
The notation S in Eq. (4.1) represents a symmetrized-product of the non-commuting operators U ij U jk · · ·. Previous studies [6, 7] on few-body nuclei and 16 O demonstrate that it is probably sufficient to use 2≤ p ≤ 6 in Eq. (4.6). The pair correlation functions f c and u p are generated by minimizing the two-body cluster energy using a quenched potential:
The two-body cluster contribution has been minimized for infinite nuclear matter at Fermi momentum k F , with the boundary conditions f c (r > d) = 1, and u p (r > d) = 0, for p = τ, σ,
and στ , and u p (r > d t ) = 0, for p = t and tτ with their first derivatives zero at r = d or d t .
For the U iΛ we consider
In the present study, we have omitted the second, i.e., the exchange correlation term in Eq.(4.9). Inclusion of this term increases the computation effort by several fold and preliminary results indicate that it gives a small contribution. This will be the subject of a future publication. The spin correlation is
where f 
The potentialsṽ s(t) are quenched in the two-pion and spin-exchange parts of the central and spin channels:ṽ
The spin-averaged correlation function f Λ c is given by:
14)
The f The φ Λ represents a bound-state wavefunction of a Λ-particle of mass m Λ moving in a Woods-Saxon potential that is bound to a nucleus of mass (A-1)m: 
V. THE CLUSTER EXPANSION
We briefly outline the general framework for the cluster expansion of PWP to calculate the expectation values of various operators. These expectation values are needed in the evaluation of the energy using the variational wave function (4.1). We demonstrate the cluster expansion for the two-body NN and ΛN potentials:
The N and D can be expanded as a sum of n-body contributions
The expressions for the purely nuclear n ij , d ij , n ijk , etc., may be found in PWP. The contributions of clusters containing a Λ are similar, e.g. 6) where P and P ′ are permutation operators. In these expressions
where Ψ J ′ denotes the Ψ J of Eq. (4.2) without the anti-symmetrization operator.
The expansions (5.2) and (5.3) for N and D are divergent [7] . We obtain a convergent linked-cluster expansion by expressing
The various c ij and c iΛ etc. are obtained from the equation
by equating terms with the same ij, iΛ, ijk, ijΛ, etc. Thus, 10) and
In the present work, we have used the CEA expansion of PWP so that all clusters of a given spin, isospin, and Λ content are averaged together.
VI. RESULTS

A. Variational parameters
We made detailed variational parameter searches for two cases: 1) with no ΛNN potential and hence no U ijΛ correlation, and 2) using a ΛNN potential with C p = 0.7 MeV and W 0 = 0.015 MeV. The rest of the Hamiltonian was as described in Sec. III for both cases; in particular the NNN potential and U ijk correlation were used in both cases.
For the case with no ΛNN potential, we found that the optimal values of all of the nucleon correlation parameters are the same as was found in PWP for 16 
In the presence of the ΛNN potential with C p = 0.7 MeV, W 0 = 0.015 MeV, we found that only two of the above optimal values had to be changed. These are the quenching parameters α in the NN correlation and α 2π in the NΛ correlation. The variational energy is sensitive to α and we made several searches at other values of C p to determine
The sensitivity to α 2π is weak and we used
In addition to these parameters we found for the U N N Λ δ Λ = −0.0013 ; c Λ = 1.6 fm −2 , (6.5) for all C p and W 0 considered. Tables I and II However since we are mainly interested in B Λ , we do not do that here and instead subtract an unextrapolated 16 O energy.
B. Variational energies
One important result shown in Table II is that the expectation of V These results can be understood as follows: by using the relation
ΛN N can be expressed in terms of the operators σ 1 ·r 1Λ σ 2 ·r 2Λ ,
, and σ 1 · σ 2 and hence is a generalization of the tensor operator S 12 . However the expectation value of S 12 in a Jastrow wave function for a closedshell nuclear system is zero, while the expectation value of S Tables I and II) for the no V ΛN N case are separately larger in magnitude due to the higher density.
It is probably accidental that the total nucleon energies for the two cases are so nearly the same: -90(2) MeV. This value is 11 MeV less than the corresponding binding energy of 16 O, showing that the Λ significantly reduces the binding of the nucleons.
The density profile of the Λ for the two cases is also shown in Fig. 2 , along with the density corresponding to the one-body part of Ψ, i.e. |φ Λ (r)| 2 /4π. In both cases the Jastrow part of Ψ, i.e. Πf Λ c (r iΛ ), significantly increases the Λ density at the origin. This is presumably because f Λ c is small for r iΛ → 0 and hence pushes the Λ away from the high nuclear density around r = 1.4 fm. Because this density is larger for V ΛN N = 0, the central Λ density is also larger in this case.
VII. CONCLUSIONS
In this study, we have extended the cluster Monte Carlo technique developed in PWP for 16 O to 
